Using 0.37 megaton·years of exposure from the Super-Kamiokande detector, we search for 10 dinucleon and nucleon decay modes that have a two-body final state with no hadrons. These baryon and lepton number violating modes have the potential to probe theories of unification and baryogenesis. For five of these modes the searches are novel, and for the other five modes we improve the limits by more than one order of magnitude. No significant evidence for dinucleon or nucleon decay is observed and we set lower limits on the partial lifetime of oxygen nuclei and on the nucleon partial lifetime that are above 4 × 10 33 years for oxygen via the dinucleon decay modes and up to about 4 × 10 34 years for nucleons via the single nucleon decay modes.
Using 0.37 megaton·years of exposure from the Super-Kamiokande detector, we search for 10 dinucleon and nucleon decay modes that have a two-body final state with no hadrons. These baryon and lepton number violating modes have the potential to probe theories of unification and baryogenesis. For five of these modes the searches are novel, and for the other five modes we improve the limits by more than one order of magnitude. No significant evidence for dinucleon or nucleon decay is observed and we set lower limits on the partial lifetime of oxygen nuclei and on the nucleon partial lifetime that are above 4 × 10 33 years for oxygen via the dinucleon decay modes and up to about 4 × 10 34 years for nucleons via the single nucleon decay modes.
One of the biggest unanswered questions about our universe is the origin of the matter/antimatter asymmetry that we observe. Non-conservation of baryon number, B, is one of the three necessary conditions to create a baryon asymmetry where none previously existed [1] . Since B is an accidental symmetry in the Standard Model (SM) of particle physics, observation of B violation would imply new physics beyond the Standard Model. Many theoretical extensions of the SM allow violation of B and/or lepton number, L, and predict experimentally observable processes (see reviews in [2] and [3] ). The searches for ten such B-violating processes via nucleon or dinucleon decay in Super-Kamiokande are detailed in this Letter. Four of the eight dinucleon decay modes studied here have ∆(B − L) = −2, with two nucleons decaying to a lepton and an antilepton. A scenario in which baryon asymmetry would remain after ∆(B − L) = −2 decays in the early universe is discussed in Ref. [4] . Three of the eight dinucleon decay modes, with two nucleons decaying to two antileptons, violate each of B and L by two units, but conserve the quantity (B − L). These modes are interesting in the context of models such as [5] [6] [7] [8] , and are shown in Ref. [9] to be competitive with LHC measurements in probing the mass scale of new physics. The final dinucleon decay mode and the two single-nucleon decay modes studied here are radiative; these decay modes can arise in various models of grand unification, but are often predicted to have suppressed decay rates [10, 11] . The radiative modes have similar experimental signatures as the other modes studied; they also have similar signatures to the previously searched p → e + π 0 and p → µ + π 0 modes, but have the benefit of higher detection efficiency due to the lack of hadronic interactions.
The ten decay modes we search for in SuperKamiokande data are characterized by two back-to-back Cherenkov rings and no hadrons. The dinucleon decay modes in these three categories are:
We classify the modes as follows: (i) both rings are showering (N N → ee), (ii) one ring is showering and the other is non-showering (N N → eµ), and (iii) both rings are non-showering (N N → µµ). Figure 1 illustrates how distinct these final states are seen in Super-Kamiokande, due to their well-separated, bright rings. The nucleon decay modes with identical experimental signatures, but lower invariant mass, are (i) p → e + γ and (ii) p → µ + γ. We do not include the search for dinucleon decays into tau leptons because there would be missing momentum and some subsequent tau decay modes are hadronic. tor is cylindrical with a diameter of 39.3 meters and a height of 41.4 meters, optically separated into an inner and an outer region. Eight-inch photomultiplier tubes (PMTs) line the outer detector facing outwards and serve primarily as a veto for cosmic ray muons, and 20-inch PMTs face inwards to measure Cherenkov light in the inner detector [12] .
SK has collected data for four different detector periods, accumulating 91.5, 49.1, 31.8 and 199.3 kiloton·years of exposure during SK-I, SK-II, SK-III, and SK-IV, respectively. During SK-I, the inner detector photocathode coverage was 40%, but the SK-II period had a reduced photo-coverage of 19% after recovery from an accident. For SK-II, the remaining PMTs were evenly distributed to maintain isotropic detector uniformity. SK-II efficiency is only ∼2% lower than the other detector periods for these dinucleon and nucleon decay searches because the rings still have many hits. In the subsequent periods, SK-III and SK-IV, we restored the original photocoverage of 40%. The SK-IV period benefited from an electronics upgrade described in Ref. [13] : a "deadtime free" data acquisition system enables SK-IV to detect the 2.2 MeV gamma ray emission from neutron capture on hydrogen, which occurs about 200 µsec after the primary event.
For each dinucleon or nucleon decay mode studied, we simulated 100,000 signal Monte Carlo (MC) events with vertices uniformly distributed throughout the detector and final state particle momenta uniformly distributed in phase space. Fermi motion, nuclear binding energy, and correlated decay are simulated in the dinucleon and nucleon decay signal MC [14, 15] . Unlike the atmospheric ν MC, where the Fermi momentum distribution of the nucleons follows the Fermi gas model, the signal MC Fermi momentum distribution follows a spectral function fit to electron-12 C scattering data [16] . We address this difference between signal and atmospheric ν event samples by computing the systematic uncertainty in signal efficiency based on our choice of nuclear model. Correlated decay is a hypothesized effect where the total mass and momentum distributions are smeared out in a "tail" due to the correlated motion of a nearby nucleon. For both nucleons and pairs of nucleons, we assume that 10% of such decays are affected by the correlated motion of an additional nucleon [17] . Lepton rescattering within the nucleus is negligible.
The atmospheric ν MC sample corresponds to an exposure of 500 years for each of the four SK periods, 2000 years in total. Events in this sample are weighted assuming two-flavor mixing as is done in recent dinucleon and nucleon analyses [14, 15, 18] . Details of the cross-sections and flux modeling used in this sample are discussed in recent SK nucleon decay analyses [14, 18] . Event rates obtained from this sample are normalized to the relevant SK detector livetime.
Details of the neutron simulation and neutron tagging algorithm used for both the signal and atmospheric ν MC samples can be found in Ref. [18] . Neutron tagging can only be done for the SK-IV period; it reduces the expected number of background events by about 50% for our searches, and impacts signal efficiency by only a few percent.
Although the selection criteria for all ten modes are similar, the two single-nucleon decay modes have more background due to their lower total mass. We adapt our strategy, as is done in Ref. [18] , to perform a two-box analysis which allows us to study free and bound protons separately.
The following selection criteria are applied to signal MC, atmospheric ν MC, and data: (A1) Events must be fully contained in the inner detector with the event vertex within the fiducial volume (two meters inward from the detector walls), (A2) There must be two Cherenkov rings, (A3) Both rings must be showering for the pp → e + e + , nn → e + e − , nn → γγ and p → e + γ modes; one ring must be showering and one ring must be nonshowering for the pp → e + µ + , nn → e + µ − , nn → e − µ + and p → µ + γ modes; both rings must be non-showering for the pp → µ (A6) The reconstructed total momentum, P tot , should be 0 ≤ P tot ≤ 550 MeV/c for the dinucleon decay modes; for the nucleon decay modes, it should be 100 ≤ P tot ≤ 250 MeV/c for the event to be in the "High P tot " signal box and 0 ≤ P tot ≤ 100 MeV/c for the event to be in the "Low P tot " signal box, (A7) [SK-IV nucleon decay searches only] There must be zero tagged neutrons. Figure 2 shows the distributions of signal MC events (left panels), atmospheric neutrino background (middle), and data (right) as a function of P tot versus M tot after cut (A4). The signal selection efficiencies and background rates are summarized in Table I for each of the decay modes and each of the SK running periods. The signal efficiency for the two nucleon decay modes is ∼ 50% for the "High P tot "signal box and ∼ 28% for the "Low P tot " signal box for each SK period. It is worth noting that these signal efficiencies are significantly higher than those of the similar event signature in the p → + π 0 decay mode searches. These differences are due to the fact that the π 0 undergoes nuclear effects before exiting the nucleus while the γ does not. For the eight dinucleon decay modes, the signal efficiency is ∼80% for each SK period. Due to the high total mass required in (A5), the modes are virtually background-free (as shown in the middle panels of Fig. 2 ).
Background estimates are done in one of the two following ways, depending on the number of background events that fall in the signal box: (1) for signal regions that contain more than 10 events from 2000 years of atmospheric ν MC, the background is estimated by the traditional method of counting the number of events that fall inside the signal region; or, (2) for signal regions that are nearly background-free, an extrapolation method is used to estimate the expected background using the distribution of events nearby (but outside) the signal region. The background extrapolation is done by measuring the distance from the center of the signal box to the location of each nearby event in mass-momentum parameter space, and then fitting an exponential to the distribution of distances. Integration of the exponential function up to the radius which approximates the signal box (250 units in mass-momentum parameter space) gives the estimated background inside the signal region. A similar estimation method was done in Ref. [21] . Background rate for p → e + γ "Low P tot " is estimated by extrapo- lation to be 0.089 events/Mton·yr; we take double this value (0.18 ± 0.18 events/Mton·yr) as a conservative estimate of the background rate for this decay mode. Similarly, we extrapolate for all of the dinucleon decay modes, finding background rates of 0.008 (N N → ee), 0.033 (N N → eµ), and 0.006 (N N → µµ) events/Mton·yr. We conservatively take the largest of these and double it as our estimate of expected background for all of the dinucleon decay modes: 0.07 ± 0.07 events/Mton·yr. We find zero candidate events for the eight dinucleon decay modes. For the nucleon decay mode p → e + γ, we also find zero candidate events. We observe two candidate events during the SK-IV period for the p → µ + γ decay mode in the "High P tot " signal box when 0.23 ± 0.14 stat ± 0.07 sys events were expected. The Poisson probability to see two or more events in the SK-IV livetime given an expected rate of 0.23 events is 2.3%. One of the two candidates was previously found in Ref. [18] . The other candidate is more ambiguous since it lacks a Michel electron. This may be an indication that the event is due to a ν e n → e − p charged-current quasielastic interaction, where the non-showering ring is due to a proton rather than a muon. Requiring a Michel electron would have eliminated this event, however such a requirement was not applied for the p → µ + γ mode in order to be consistent with cut (A4) for the dinucleon decay mode. Fig. 3 shows the agreement of data and atmospheric ν MC for p → µ + γ. Table II summarizes the systematic uncertainties in the signal efficiency and in the background rate for each of the nucleon and dinucleon decay modes. The dominant contributions to uncertainty in the signal efficiency arise from uncertainties in the areas of reconstruction, correlated decay, and nuclear model. To assess the impact of differences in the reconstruction of data and MC, for every variable used in the selection, we compute the percent shift of the atmospheric ν MC distribution necessary to minimize its chi-square against the corresponding data distribution. The cut value in the event selection is then shifted by that percentage and applied to the signal MC to recalculate the efficiency. The total systematic uncertainty due to reconstruction is calculated by summing in quadrature the independent percent changes in signal efficiency due to each percent-shifted cut. For nucleon decay in the SK-IV period only, we also add in quadrature with the other reconstruction uncertainties an additional 10% uncertainty due to neutron tagging, as was done in Ref. [18] . This is the reason that the reconstruction uncertainties for nucleon decay are ∼6% larger than the corresponding uncertainties for dinucleon decay. To estimate the uncertainty in the signal efficiency arising from uncertainties in correlated decay, we assume 100% uncertainty on the correlated decay effect, reweight the correlated decay events accordingly, and recalculate the signal efficiency, taking the overall change in signal efficiency as the systematic uncertainty. The nuclear model uncertainty is estimated as the percent change in signal efficiency when the Fermi gas model is used to compute the true momentum of the protons within the signal MC events instead of the spectral function fit to data described earlier.
The systematic uncertainty on the rate of background events is conservatively taken to be 100% for decay modes where the background events are scarce (all dinucleon decay modes, and the p → e + γ "Low P tot " nucleon decay). For the other nucleon decay signal regions, we use an event-by-event database with uncertainty weights from 73 sources of background systematic uncertainty including uncertainties in flux, cross section and energy calibration, as described in the 2018 SK oscillation analysis [22] .
Lifetime limits are computed using a Bayesian method, assuming that the SK-I through SK-IV datasets have correlated systematic uncertainties [23] . For the nucleon decay modes, the systematic uncertainties of the "High P tot " and "Low P tot " search boxes are treated as independent datasets with fully correlated systematic uncertainties. The conditional probability distribution for the decay rate is given by Eq. 1, where Γ is the decay rate and for dataset i, λ i is the exposure (given in proton-years for nucleon decay and in oxygen-years for dinucleon decay), 
TABLE II. Summary of the systematic uncertainties (percentage contribution) on signal efficiency and background rate for the nucleon and dinucleon decay searches. The uncertainties from SK-I to SK-IV are averaged by the live time.
and n i is the number of candidate events. Since the systematic errors are correlated for all datasets, integrating the prior probability distribution up to b in some dataset implies that we integrate the prior distribution in dataset i up to b i (b). We assume a Gaussian prior distribution P (λ i (λ)|λ i,0 , σ λi,0 ) for λ i with a mean value of λ i,0 and σ λi,0 given by the 1% percent systematic uncertainty in exposure. We also assume Gaussian priors P ( i ( )| i,0 , σ i,0 ) and P (b i (b)|b i,0 , σ bi,0 ) for i and b i with standard deviations set to the total percent systematic uncertainties in efficiency and background, respectively. To require a positive lifetime, P (Γ) is 1 for Γ ≥ 0 and otherwise 0. We calculate the upper bound of the decay rate Γ limit as in Eq. 2, with a 90% confidence level (CL):
Therefore we obtain the lower bound on the partial lifetime limit of a decay mode: τ /B = 1/Γ limit . Table III summarizes the partial lifetime limits obtained for the ten decay modes studied, and these are also shown in
relation to previous measurements in Fig. 4 . We searched for the 10 dinucleon and nucleon decay modes characterized by a two-body final state with no hadrons in the Super-Kamiokande data with an accumulated exposure of 0.37 megaton·years. No significant evidence for dinucleon or nucleon decay was observed, and we set lower limits on the partial lifetimes that are above 4 × 10 33 years for the dinucleon decay modes, 4.1 × 10 34 years for p → e + γ, and 2.1 × 10 34 years for p → µ + γ. For five of the modes, the limits are novel, and the limits for all 10 modes are the most stringent by over one order of magnitude.
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